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Experimental techniques for the measurement of natural extremely
low frequency (EI.?) electromagneﬁc noise are described, including methods
for absolute calibration of magnetic and electric field sensors in this
frequency range (3 to 30 Hz). After a review of the theory applicable to
earth-ionosphere cavity resonances a method is developed which permits
location of two simultaneously active, major thunderstorm regions on the
surface of the earth by analysis of ELF spectra. In particular use is
made of 2lectric to magnetic field ratios and of ratios involving the
power spectrum magnitudes at adjacent resonant peaks., ILimitations of the
method are analyzed, particularly those related to £ background noise
(£ = frequency) and to quasi-uniformly distributed, minor lightning ac-
tivity which adds to the noise originating in the major thunderstorm
regions. Appropriate methods of spectral analysis-—-appropriate fre-
quency resolutions and integration times—are determined and the method
is illustrated by experimental data. It is also indicated how the scurce
location procedure—in conjunction with exact data (i 0.25 Hz) describing
the position of the resonant peaks-—-may be used to evaluate Ionospheric

conductivity profiles extending downward tc about 40 ka.
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I. INTRODUCTION - OBJECTS AND OUTLINE OF THE STUDY AND
SUMMARY OF EXPERIMENTAL METHODS

1.2 (bjects

This prcject was concerned with the observation and explanation of
electrcmagnetic noise at extremely low frequencies—apprcximately 3 Hz
tc 25 Hz—and particularly with noise near the Schumann earth-ionosphere
cavity resonances at about &, 14 and 20 Hz. Objects of the investigation
were the identification of noise sources, the identification of pertinent
propagation pnenomena and the identification of other processes which de-
termine prcperties of ELF noise such as diuwrnal variation of its ampli-
tude and of its frequency spectrum.

Possible zpplications of the observation and analysis of ELF noise
which have become apparent in the course of the work are (1) the possi-
bility of locating the position of major thunderstomm regicns on the
surface ¢f the earth, (2) identification of changes in the effective
conductivity profile (i.e. electron and i-n density and collisicn fre-
quency profile) of the lower Ioncsphere over large regicns and (3) pre-
dietion .f sume types of Solar Prcton events and associated major iono-

spheric disturbances.

1.2 Gutline of the study

The major part of the present report is devoted to a detailed
analysis of the first application—1lcocation of major thunderstomrm
regions (or of other ELF sources) by analysis of ELF observations

at a single station. It will be shown, however, that this location

|
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procedure is also fundamental to any determination of ionospheric con-
ductivity orofiles, aince accurate information about such profiles cannot
be extracted from the ELF spectra unless the relative pogitions of source -
and receiver are known (Sections V and X).

Observations indicating substantial deviations from normal ELF am-
plitude levels and normal ELF spectra wvhich preceded ten Solar Pfoton
events in 1967 and 1968 by periods between eleven ind twenty-three hours
will not be covered in the present report, because they are not well
understood and because the number of observations is nct suffieient to
permit definite conclusions withcut further observations. Scme possible
source and propagavion mechanisms were analyzed in "Part I" of this final
report (AFCRL-T0-0143),

Since much of the information obtainable from the always present 0
natural ELF background noise is contained in its changing power spectrum,
the epplicable fundamentals of spectral analysis are reviewed in Section
II. In Section IIT the characteristics of lightning strokes are discussed,
because during "ncrmal" periods—that is periods when ELF nolse levels
are not unusually high and "Schumann" resonances are clearly noticeable—
their major source seems to be lightning activity.

The basic theory of earth-Ionosphere cavity resonances due to
Schumarn, Walt. Galejs, D. L. Jones, Madden and others is reviewed in
section IV while details of a new ELF source location procedure are dis-
cusged in Sections V to VII.

The effects of two natural phenomena which could lead to large

errors in the source locetion procedure are analyzed in Section VIII:
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(1) Noise, possibly of extra-terrestrial or Ionospheric origin and having
a £ power spectrur (where 1 < & < 3} is always present. In section o.1
it is indicated how large this background noise can be beforse it will
prevent extraction of source information from ELF data. (2) The soﬁrce
location procedure sssumes that the major thunderstorm activity at ary
cne time is restricted to one or two msajor regions such as a 106 km2 area
(approx. 10 by 10 degrees) between 1700 and 1900 local time at an equa-
torial land mass. Simultaneous with this major thunderstorm activity
there are, however, many smaller thunderstorms in progress cver the rest
of the earth' surface. Section 8.2 considers the effect upo < spectra
(and the proposed source location procedure) of various possible relative
distributions of lightning activity between the major thunderstorm centers
and the more uniformly distributed minor lightning activity.

In section IX the source location procedure is illustrated by the
analysis of experimental ELF power speetra and in section X conclusions
are drawn and directions of future work are suggested. In particular it
is indicated how the source location procedure—employing the ratios of
the power spectrum magnitudes at the resonant peaks-—can te used, in con-
Junction with exact data (+ 0.25 Hz) describing the position of the reson-

ant peaks, to evaluate Ionospheric conductivity profiles,

1.3 Experimental methods

Observations of extremely low frequency electromagnetie noise in the
earth-ionosphere cavity [Schumann] resonance region are made on the Alton
Jones campus of the University of Rhode Island [71o Yyt o1m W, 41° 370

53"N] in West Greenwich, R. I. The observation site is in a rural forest

RpPrs:

ey
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: - location, far from sources of man-made electromagnetic and vibrationsl

bterlaon ke, b

noise {approximately three miles from the nearest public road). Varia-

tions of the horizontal magnetic field and of the vertical electric field

i AR
Amder fate & Y

in the frequency region between approximately 3 and 40 Hz (3 dB points of
input filter) are monitored contimuusly; the vertical electric fieid

Lalle s b it v e o

2 data camnot be used, however, during heavy local precipitation. Local

Yghtning activity, when it occurs, contaminates both electric and meg-
netic field data, but thunderstoms are coﬁnon in this area only between
 May and Septelnbex'" and the arnual éi}erage muber of thunderatorm days is
- twenty-two. |
The sensors for the horizontal magnetic field are two orthogonal 2
meter diameter coils, each eonsiatihg of four separate sections with ap-

prox:lm&el’y 11000 turns of mmber 30 wire. Both coils are electrostatically

shielded by aluminum housings and are buried in the ground within a small
mount (approximately 2 meter high by 10 meter in diameter) designed so as
to minimize the propagation of elastic (acoustie) 5urface waves. The to-
tal output from each coil due to thermal noise within the coil and due to
pick-up of ambient noise is ;approxima.tely 4.5 mierovolt measursd through
a 7.74 to 8.3 Hz (one-tenth octave) filter during a "quiet" period (no
disturbances on the "summary record" descrihed below and illustrated by

E figurs 1-5).

: The magnetic field equipment is calibrated at least once each week
by the transmission of an 8 Hz signal from a calibrating coil for a
period of 10 to 15 minutes. The calibrating coil pmciuces a horizontal
magnetic field intensity of exactly 10"5 ampere — (12.56 milligamma)

at the location of the receiving coil which in turn produeces a 90 micro-

SRS
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volt output voltage in the 7.74 to 8.30 Hz band. _
The output of each receiving coil is applied to an amplifying and
filter system whick compensates for thy rising amplitude-frequency

charscteristic of the coil mo that the cutput of the system is propor-
] tionsl to the magnetic field and not to its derivative., The frequency
response of the entire receiving systam [including the receiving coil]

? is fist between 5 Hz and 30 Hz (+ 0.5 dB; 3 dB points are at 3 Hz and

_ 40 Hz) for constant E-field input (constant current in the calibrating

s coil), The output of the amplifyirg system as well as timing signals are
: recorded AM on half-inch magnetic tape running at a speed of 0.0375

3 inches per second,

The vzrcical electric field was detected by a vertical rod antenna

° until Avgust 1969 when it was supplemented by a spherical antemna., The

E latter is mounted approximately 30 feet (9.15 meter) above ground level

: and consists of a silver conductive coating painted on the interior of

i a plexiglass sphere, Inside the sphere is a high impedance preamplifier
connected to the inner conductive walls, The entire assembly, although
mounted on top of a mast, can be lowered e«sily to the ground for service
and repair.

The design of the antenna is based upon earlier work by Ogawa (1966).
Mounting of a metal antenna, which is electricallv isolated from ground,
at a height of 10 meters largely eliminates spurious signals due to ion
motion which is particularly pronounced within the first two meters above
ground. PFurthermore the capacitance to ground of the amall metal sphere
(radius a = 7.81% inches) is rather insensitive to small changes in height

since for (a/h) < (1/10) its value is given by C = 2neoa(2 + a/h).
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Cunsequently C and the received field intensity are rather insensitive
to lateral motion or bending c¢f the supporting mast during heavy winds,
The antenna differs from Ogawa's "ball ancenra" by beihg surrounded with
a relatively thick (0.125 inch) dielectriec coating which acts as a "ra-
dome® making the antenna usable even during moderate precipitation.

Since absolute calibration of the electric as well as the magnetic
sensors is required for the type of processing described later in this
report (for example the effective wave impedance |E|/|H| is of interest),
it was necessary to obtain means for generating a known standard, EIF
field in the vicinity of the receiving antenna. This is done by feeding
a 2.86 mater long vertical calibrating antenna. The vertical field gener-

ated by such an antennz can be shown to be given by

Ib

f 2 1 12 1 (z'+a)d ‘z'-—a[H]
Ez=moH-a L~ "ttty - o2 * o (1.1)
1 2 3 o 3 o
where

base current of the transmitting antenna

o
]

H = elevation of the top of the transmitting antenna above a per-
fectly conducting ground

a = elevation of the base of the transmitting antenna

w = radian frequency

z! = elevation of receiving point

Ty 1y Ty r3 are defined by figure 1.1

This expression for E, is based upon the equations given by Jordan (1950)

for the near-field of a vertical antenna. In deriving (1.1l) appropriate
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approximations were made to take into account the extremely short length
of the anterma and the extremely short observation distance in compari-
son with one free-space wavelengths A is equal to 3(107) meter at 10 Hx.

Ay
L]

It is apparent from (1.1) tkat for an accurate determination of the

E ambient field in the vieinity of a vertical ELF calibrating antema tbe
| only quantity which must be measured, in addition to distances, is the

3 base current., This can be done, indirectly, by evaluating the capaci-
i tance to grnund, Ca, of the transmitting antenna, The antemns current
is then equal to vauda where V_ is the antemna terwinal voltage.

Uaing a circult suggested by H. L, K5nig and illustrated in Figure

1.2 the antenna capacitance is given by

¢, = (R-1)(c, + C,) (1.2)
b where R 18 defined by

z, (zl+z)

_ : P
R = Zy + 2, zp (1.3)
z 2z
a "2
D za + 22

For a 2.58 meter calibration antenna used on the West Greemwich
field site this measurement gave Ca = 22.2pf while a calculation based

upon a formula given by Watt (1967)

:-' 24.,16(H-a}
‘ C! = pf (1.5)
? 2 log, l:--L-l-2 I;-a ] -k

rave a value of 22,8 pf,
‘ In (1.5) the quantity (H-a) is the antenna length as shown on Fig-

ure 1.2, d is the antenna diameter and k is a factor depending upon the

W oy
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ratio of antemna elevatior above ground to antenna length, For the value
of a = 2,86 m which was used [a/(E-a)] = 1.11 and k = 0.195.

From the measured capacitance of the receiving antemna, which is
nomally used for the recsption of EIP noise, the measured amplifier
gain and the emplifier output voltage one can evaluate the receiving an-
temna terminal voltage. ITf the reéeiving antenna terminal voltage thus
calculated agrees with the terminal voltage obtained by integrating over
the length of tne receiving antemma (for a linear vertical receiving an-
‘ben;m) the field due to the calibrating antemma calculated by (1.1), it
becomes possible to translate receivirg antemma voltage accurately into
vertical EIP electric field values., (For a spherical receiving antenna
the received voltage V during calibration must agree with the calculated
voltage obtained from V = Q/C where Q is found by integrating the calcu-

lated radial component of the calibrating field over the surface of tbs
e

receiving antemna: € = sJE"ds).

For the vertical "whip" ELF receiving antenna which has been used
in 1967 and 1968 this calibration procedure (at 10 Hz) leadsto the fol-
lowing values of terminal voltages

From integraticn of the radiated calibrating field over the receiv-

ing antenna - 23.96 mV
From amplifier output voltage, amplifier gain and r~ceiving antemna
capacitance - 25.80 mV
It appears therefore that the absolute value of the received vertical
electric field can be determined with a precision of at least eight per-

cent. Employing the described calibration procedure one finds that the
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vertical cleciric field at the West Greemwich field site near 8 Bz re-

iy

it

mained near 1.8 milli-voli/meter/i/Ez on a typical "quiet" summer day.
Fcr rapid, visual survey of field intensity variations in the 8 Hs

{first Schumann resonance] region, "summary records” are cbtained as

follcws: the magnetic tape is replayed in the laboratory at a speed of
1.875 inches per second [S0 times the recording speed] into a band-pass

M & e

F§ filter having 3 dB points at 300 Hz and 440 Hz, corresponding to 6 Hz
and 8.8 Hz in the original recording. The output of this filter is
passed through the rectifier and smoothing netwcrk shown in Figure 1..3.
The response of this filter to application and removal of a constant

300 Hz signal at AA is shown in Figure 1.4, The charging time constant
T_of the filter [time needed fo~ output to reach 1 - e of final value]

1 c is 7.5 seconds. The measur=d discharge time constant Tl is 51 seconds;

the discharge finction actually has the form

AR e W e W

-t/T ~t/T
1 -T. e 2 ]

af
v=[r -] e A 4

but since Tl >» T2 it follows that

t/T 1
e c

V= ['l‘2 = 1.6 secconds]

Since the input time constant, ‘1‘o = 7.5 seconds, corresponds to
[7.5(50)/60] = 6.25 minutes of recording time, fluctuations in the input
signal which are appreciably shorter than six minutes will not appear on
the paper record which is produced by the output of the network in Fig-
ure 1l.3. F.‘urthermore; low level fluetuations which occur within a period

of Tl[SO]/'GO = 42 minutes after a sustained large signal was received will

W et e sae—c o e e B & e © o ORI e
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not appear on ‘the output chart. The "sumnary records® illustrated by
Figure 1.5 (and regularly published in Section 3 of the AFCRL "Geo-
physics and Space Data Bulletin") should therefore be used primarily to
locate periods of sustained unusual activitys for such periods the
original wide-band [3 Hz to 40 Hz] magnetic tape recordings may then

be examined in more detail. The "sumnary records™ can alsc be used for
comparison with thunderstorm data and records of solar and geomagnetic
activity to establish vhich events have significant effeet upon magnetic
field variations in the 8 Hz region.

| Calibration signals are indicated by C on the records; periods of
man-made interference or missing data are indicated by €®; local thunder-

storms (within about 25 miles of the field station) are shown by LS.

- -t . .
The 10~ amp m ~ 8 Hz calibrating signal saturates the amplifier of the

paper chart recorder for the gain setting which is empioyed (although it
is 10 dB below saturation level on the magnetic tape), it can therefore
not be used to establish relative signal levels, except when records are
reproduced at half gain. Time on the records is EST with heavy vertical
lines indicatihg 0000 hours EST.

Fundamental considerations important in the processing for detailed
spectral analysis of the wide band magnetie field and electric field data
which are recorded on magnetic tape, are discussed in Chapter II and in
Appendix A-1, Spectral analysis was performed by either digitizing the
data and employing a "Fast-Fourier-Transform" program on an IBM 2%60/50,
or more recently-—achieving a reduction of analysis time by a factor of
about 30/1—by employing a commerical ("SAICOR") special purpose analog-

digital system for Fourier speetrum analysis.




II. SPECTRAL ANALYSIS

Cpt i

The convenience of the frequency concept in the analysis of
physical phenomena is well known. In order to facilitate the compari-
son of theoretical with experimental results, however, a method of ine
vestigating experimental data in the frequency domain is needed. This
is the tool of spectral analysis. Determining the freguency content of
a time signal is by no means an easy task to accompliish and in the fol-

lowing paragraphs some of the problems that occur in spectral analysis,

a8 well as methods for treating them are discussed,
N The frequency content of a time function 1s given by its Fourier

transform. A time signal, x(t), and its Fourier transform, X(f) are

related by o
P -
X(£) = | x(t)e P g (2.1)
-
and e

i2nft

x(t) = | X(£)e at (2.2)

provided certain mathematical conditions on x(t) and X(f) are satisfied

[Weinberger, 1965]. These conditions are always satisfied by physically

realizable waveforms.

Although (2.1) does give the frequency content of the signal, the

result is complex, i.e., it includes the phases of the spectral components.
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Usually, however, phase information is aot. of interest and & positive,
real quantity Ix(f)!z is used. The power spectral density, Sx(f) can

be defiped as

+T 2

s (1) - lin 3 I x(t)e 135 Ttg
- <P

(2.3)

It is called a power density because Sx(f) df gives a measure of the

power in the frequency band between f and f+df. An alternative defini
tion of power spectral density in terms of the autocovariance function

Rx(f) is sometimes used. The autocovariance function is defined as

T
SORICR [ x(e) x (tem)ae (2.2)
R ;

The power Sspectral density can then be expressed as the Fourier trans-
form of the autocovariance function.

+ @
8,(0) =] R(r)e T ar (2.5)

The definitions (2.3) and (2.5) are completely equivalent, Es-
timation of the power spectrum by (2.5), which until recently was the
most commenly used method for estimating the power spectium, involves
two computational steps: the evaluation of the autocovariance and then
the evaluation of the Fourier transform of the autocovariance. In the
computation of the autocovariance, however, lags of less than or equal
to only about ten percent of the tctal record length need be considered
(Blackman and Tukey, 1958). For this reason the evaluation of the in-

tegral in (2.5) is much simpler than the evaluation of the integral in
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2.3). In the past, significant computer time savings were recalized
by using (2.5) since the calculation of the numerical Fourier transform
was a lengthy process which could be considerably shortene¢ by reducire
the domain of the function to be transfonsed.
Cooley and Tukey (1965) have, however, developed a highly efficient

method for numerically evaluating a Fourier transform. With the advent

of this algorithm, the emphasis has shifted to using (2.3) fcr the evalu-

ation of power spectra. In fact, the Cooley-Tukey algorithm or "Fast
Fourier Transform” (F®T) is so fast that even if the autoccvariance is
desired, it is more efficient to find the power spectrur Ly the FFT and
then to take the inverse Fourier transform via the ¥F7T', yielding the
autocovariance, The power spectral density can be efficiently estimated

by evaluating (2.%) or a digital computer using the FFT,

2.1 Resolution and Bias of the Estimates
Evaluation of equation (2.1) requires knowledge of the entire
history of signal, past and future, Tnis is, of course, not possible

and we must use an approximation cf the form
T/2
. _ T
xa(f) = ] x(t)e
-7/2

-ignft g (2.6)

where [-T/2, T/2] is the time interval of the signal which is available.

Equation (2.€) can be written as
+
X (1) = j n(t) x(t)e MY gt (2.7)

-l

if we define h(t) by
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